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1. INTRODUCTION {#jcmm13554-sec-0001}
===============

Multiple myeloma (MM) is a haematologic malignancy on account of the uncontrolled proliferation of plasma cells in the bone marrow (BM). Myeloma bone disease (MBD) is the most common complication of MM, with up to 70% of them having osteolytic lesions at diagnosis.[1](#jcmm13554-bib-0001){ref-type="ref"} Bone lesions in MM are induced by imbalance between osteoclasts (OCs) and osteoblasts (OBs), the activation of OCs and inhibition of OBs. Many researches focused on the function of OCs and found OCs play a critical role in the pathogenesis of MBD.[2](#jcmm13554-bib-0002){ref-type="ref"} As we all know, osteoclastogenesis and activation of bone resorption are regulated by the RANK/RANKL/OPG axis.[3](#jcmm13554-bib-0003){ref-type="ref"} Immune cells, such as T cells, express RANKL, which contributed to the pathogenesis of MBD.[4](#jcmm13554-bib-0004){ref-type="ref"}, [5](#jcmm13554-bib-0005){ref-type="ref"}, [6](#jcmm13554-bib-0006){ref-type="ref"} While T cells also resist osteoclastogenesis by producing interferon‐γ (IFN‐γ), which counterbalance the action of RANKL.[4](#jcmm13554-bib-0004){ref-type="ref"}, [7](#jcmm13554-bib-0007){ref-type="ref"}, [8](#jcmm13554-bib-0008){ref-type="ref"} Meanwhile, several cytokines are involved in osteoclastogenesis, such as interleukin‐17 (IL‐17), produced by Th17 cells, is shown to active OCs and induce bone resorption,[9](#jcmm13554-bib-0009){ref-type="ref"} whereas IL‐4 produced by B, Th1 and Th2 cells has an antiosteoclastogenic effect.[10](#jcmm13554-bib-0010){ref-type="ref"}, [11](#jcmm13554-bib-0011){ref-type="ref"}

Invariant NKT (iNKT) cells are a distinct subset of T cells that express a semi‐invariant TCR α‐chain encoded by Vα24‐Jα18 paired with a limited repertoire of Vβ chains encoded by Vβ11 in human beings and recognize glycolipid ligands presented by the non‐polymorphic MHC class I‐like molecule CD1d.[12](#jcmm13554-bib-0012){ref-type="ref"}, [13](#jcmm13554-bib-0013){ref-type="ref"} iNKT cells can be activated by a synthetic glycolipid isolated from a marine sponge, α‐galactosylceramide (α‐GalCer or KRN7000), leading to rapid production of several cytokines such as IL‐4 and IFN‐γ.[14](#jcmm13554-bib-0014){ref-type="ref"}, [15](#jcmm13554-bib-0015){ref-type="ref"} NKT cells exhibit bridges connecting the innate immune system to the adaptive immune system. Furthermore, they are able to interact with immune cells, such as monocytes, T cells, B cells, dendritic cells and NK cells, by producing Th1 and Th2 cytokines.[16](#jcmm13554-bib-0016){ref-type="ref"}

Many studies have confirmed that NKT cell level and function are reversibly defective in MM.[17](#jcmm13554-bib-0017){ref-type="ref"}, [18](#jcmm13554-bib-0018){ref-type="ref"}, [19](#jcmm13554-bib-0019){ref-type="ref"}, [20](#jcmm13554-bib-0020){ref-type="ref"} In addition, a recent study showed that the function of iNKT is defective which is related to osteoclastogenesis and inflammatory bone destruction in RA patients.[21](#jcmm13554-bib-0021){ref-type="ref"} Furthermore, a previous study illustrated that iNKT cells have the unique characteristic of enhancing osteoclast progenitor and precursor development.[22](#jcmm13554-bib-0022){ref-type="ref"} However, the effect of iNKT on MBD remains unknown. The aim of this study was to investigate the role of iNKT cells during osteoclastogenesis and the underlying mechanism of osteoclastogenesis dysregulation in MBD.

2. MATERIALS AND METHODS {#jcmm13554-sec-0002}
========================

2.1. Patients and sample {#jcmm13554-sec-0003}
------------------------

The study cohort included 37 newly diagnosed MM (NDMM) patients, 21 remission MM patients (including very good partial response (VGPR), complete remission (CR) or stringent complete response \[sCR\]), 8 relapsed/refractory MM (RMM) patients and 23 age‐ and sex‐matched healthy controls (HCs; Age: median, 58 years; range, 44‐74 years; Gender: 14 males, 9 females). All the patients were inpatients in the Hematology Department of Tianjin Medical University General Hospital from October 2015 to May 2017 and diagnosed and assessed after treatment according to International Myeloma Working Group uniform response criteria.[20](#jcmm13554-bib-0020){ref-type="ref"} According to body X‐ray scanning data obtained before treatment within 1 week after diagnosis, bone morbidity was graded into three stages (Stage A included patients with no osteolytic lesions or osteoporosis alone; Stage B included patients with one to three osteolytic lesions, and Stage C included patients with more than three osteolytic lesions and/or a pathological fracture).[23](#jcmm13554-bib-0023){ref-type="ref"}, [24](#jcmm13554-bib-0024){ref-type="ref"} We have used the \<3/\>3 as cut‐off for bone lesions as advanced bone disease (BD; Stage C) includes more than three lytic lesions in the Durie‐Salmon staging system. The clinical characteristics of the patients are shown in Table [1](#jcmm13554-tbl-0001){ref-type="table-wrap"}. In our study, remission MM patients have received bortezomib‐based regimens (including bortezomib and dexamethasone (VD); bortezomib, cyclophosphamide and dexamethasone (VCD); bortezomib, thalidomide and dexamethasone (VTD) at least 4 cycles). Relapsed/refractory patients have received at least triplet regimens including bortezomib and thalidomide (lenalidomide) or combination with doxorubicin/cisplatin/etoposide. This study was approved by the Ethical Committee of the Tianjin Medical University. Written informed consent was obtained from all participants. Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral venous blood of patients and HCs mentioned above using Ficoll‐Paque Plus solution (Amersham Biosciences).

###### 

Patients' base‐line characteristics

                              Newly diagnosed MM patients (n = 37), %   Remission MM patients (n = 21), %   Relapsed/refractory MM patients (n = 8), %
  --------------------------- ----------------------------------------- ----------------------------------- --------------------------------------------
  Gender                                                                                                    
  Male                        22 (59.5)                                 12 (57.1)                           5 (62.5)
  Female                      15 (40.5)                                 9 (42.9)                            3 (37.5)
  Age (median)                62                                        61                                  63
  Range                       45\~77                                    47\~74                              59\~76
  ISS stage                                                                                                 
  I                           2 (5.4)                                   3 (14.3)                            1 (12.5)
  II                          13 (35.1)                                 6 (28.6)                            1 (12.5)
  III                         22 (59.5)                                 12 (57.1)                           6 (75.0)
  M‐component type                                                                                          
  IgG                         13 (35.1)                                 6 (28.6)                            4 (50.0)
  IgA                         11 (29.8)                                 4 (19.0)                            1 (12.5)
  IgM                         1 (2.7)                                   0 (0)                               0 (0)
  Light chain only            9 (24.3)                                  9 (42.9)                            3 (37.5)
  Non‐secretory               3 (8.1)                                   2 (9.5)                             0 (0)
  β~2~‐microglobulin (mg/L)                                                                                 
  \<5.5                       14 (37.8)                                 16 (76.2)                           1 (12.5)
  ≥5.5                        23 (62.2)                                 5 (23.8)                            7 (87.5)
  Hb (g/L)                                                                                                  
  \<100                       27 (73.0)                                 4 (19.0)                            6 (75.0)
  ≥100                        10 (27.0)                                 17 (81.0)                           2 (25.0)
  Ca (mmol/L)                                                                                               
  \>2.75                      15 (40.5)                                 0 (0)                               1 (12.5)
  ≤2.75                       22 (59.5)                                 21 (100.0)                          7 (87.5)
  Serum creatinine (μmol/L)                                                                                 
  \<177                       24 (64.9)                                 15 (71.4)                           3 (37.5)
  ≥177                        13 (35.1)                                 6 (28.6)                            5 (62.5)
  Bone disease stage                                                                                        
  Stage A                     8 (21.6)                                  8 (38.1)                            3 (37.5)
  Stage B                     12 (32.4)                                 9 (42.9)                            3 (37.5)
  Stage C                     17 (46.0)                                 4 (19.0)                            2 (25.0)

MM, multiple myeloma; ISS, International Staging System; Hb, haemoglobin.
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2.2. Flow cytometry {#jcmm13554-sec-0004}
-------------------

Invariant NKT cells were routinely identified phenotypically as Vα24‐positive and Vβ11‐positive T cells. Isolated PBMCs (1 × 10^6^ cells) were stained with 20 μL anti‐human Vα24 FITC (Beckman Coulter, Pasadena, CA), anti‐human Vβ11 PE (Beckman Coulter), anti‐human CD3 PerCP (Becton Dickinson, BD Biosciences, Franklin Lakes, NJ, USA) and their isotype control antibodies in the dark at 4°C for 15 minutes. Then, the cells were washed twice with PBS (phosphate balanced solution). At least 500 000 counts were obtained and analysed by Attune NxT acoustic focusing cytometer (Life Technologies) and CytExpert software (version 1.2).

CD34^+^OCN^+^ cells were routinely regarded as osteoblast precursors (OBPs),[25](#jcmm13554-bib-0025){ref-type="ref"} and CD14^+^CD16^+^ cells were routinely as osteoclast precursors (OCPs).[26](#jcmm13554-bib-0026){ref-type="ref"} Isolated PBMCs (1 × 10^6^ cells) were stained with 20 μL anti‐human CD34‐FITC (BD Biosciences), anti‐human OCN‐PE (R&D System, Abingdon, USA), anti‐human CD16‐FITC (BD Biosciences), anti‐human CD14‐PE (BD Biosciences) and their isotype control antibodies in the dark at 4°C for 30 minutes. Then, the cells were washed twice with PBS. At least 500 000 counts were obtained and analysed using a BD FACS Calibur cytometer and CellQuest software (version 6.0).

Cytokine expressions were detected by flow cytometry after stimulation with α‐GalCer in vitro as described.[27](#jcmm13554-bib-0027){ref-type="ref"} Isolated PBMCs (1 × 10^6^ cells/well) were incubated in RPMI 1640 medium supplemented with 10% foetal bovine serum, in the presence of α‐GalCer (200 ng/mL; BioVision Incorporated, Milpitas Boulevard, Milpitas, USA) or 0.1% DMSO (as control) in a 12‐well plate at 37°C in a humidified incubator containing 5% CO~2~. After 2 hours, brefeldin A (10 μg/mL; Sigma‐Aldrich) was included to stop exocytosis of cytokines. After an additional incubation time of 6 hours, the cells were stained with iNKT cells as described above, anti‐human CD8 APC‐Cy7 (BD Biosciences) and anti‐human CD4 PE‐Cy7 (BD Biosciences) in the dark at 4°C for 15 minutes and subsequently subjected to intracellular cytokine staining. The cells were then fixed in IntraSure Kit reagent A (BD Biosciences) for 5 minutes and permeabilized with IntraSure Kit reagent B (BD Biosciences) for 10 minutes at room temperature. Cells were incubated with 20 μL anti‐human IFN‐γ APC (BD Biosciences), anti‐human TNF APC (BD Biosciences), anti‐human IL‐4 APC (BD Biosciences), anti‐human IL‐13 APC (BD Biosciences) in the dark at 4°C for 30 minutes. Then, the cells were washed twice with PBS. At least 500 000 counts were obtained and analysed by Attune NxT acoustic focusing cytometer (Life Technologies) and CytExpert software (version 1.2).

2.3. iNKT cells culture induced by α‐GalCer in vitro {#jcmm13554-sec-0005}
----------------------------------------------------

Isolated PBMCs were incubated in RPMI 1640 medium supplemented with 10% foetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin in the presence of IL‐2 (100 U/mL; PeproTech) and 200 ng/mL α‐GalCer or 0.1% DMSO (as control) and then seeded in a 24‐well plate at 1 × 10^6^ cells/well and cultured for 14 days at 37°C in a humidified incubator containing 5% CO~2~. Culture media with cytokines were replaced every 3 days. iNKT cells were detected as described above at day 0, day 7 and day 14 by flow cytometry (Attune NxT acoustic focusing cytometer, Life Technologies).

2.4. Culture of osteoclasts {#jcmm13554-sec-0006}
---------------------------

Isolated PBMCs were incubated in α‐MEM medium supplemented with 10% foetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin in the presence of recombinant human RANKL (150 ng/mL; Miltenyi Biotec, USA), recombinant human macrophage colony‐stimulating factor (M‐CSF; 50 ng/mL; Miltenyi Biotec, USA) and α‐GalCer (200 ng/mL) or 0.1% DMSO (as control) and then seeded in a 24‐well plate at 1 × 10^6^ cells/well and cultured for 14 days at 37°C in a humidified incubator containing 5% CO~2~. Culture media with cytokines were replaced every 3 days. After culture, OCs were generated and used for subsequent experiments. A tartrate‐resistant acid phosphate (TRAP)‐staining kit was performed according to the manufacturer\'s instructions (Sigma‐Aldrich). TRAP‐positive multinucleated cells (≥3 nuclei) were defined as osteoclasts and their numbers were counted. To determine changes in osteoclastogenesis after cytokine blocking or intensifying, PBMCs (1 × 10^6^ cells/well) were cultured with RANKL (150 ng/mL), M‐CSF (50 ng/mL) and α‐GalCer (200 ng/mL) in the presence of cytokine or cytokine inhibitor (0.1% DMSO as control) for 14 days, then stained for TRAP. Cytokine‐blocking antibodies used were anti‐IFN‐γ (10 μg/mL) [21](#jcmm13554-bib-0021){ref-type="ref"} (BD Biosciences) or recombinant IFN‐γ (10 ng/mL; BD Biosciences).

2.5. Quantitative real‐time PCR {#jcmm13554-sec-0007}
-------------------------------

Quantitative real‐time PCR was performed as described previously.[28](#jcmm13554-bib-0028){ref-type="ref"} RNA was extracted from OCs using the TRIzol reagent (Invitrogen, USA), and mRNA expression was quantified using the Bio‐Rad iQ 5 Real‐time system (Bio‐Rad, Hercules, CA, USA). The primer sequences of osteoclast‐associated genes are shown in Table [2](#jcmm13554-tbl-0002){ref-type="table-wrap"}.

###### 

Primer sequences

  Target                                 Sense and anti‐sense sequences         Base pairs (bp)
  -------------------------------------- -------------------------------------- -----------------
  TRAP                                   F: 5′‐CCC GTT GGT GTT TAT GTG TG‐3′    120
  R: 5′‐CTA GGA TGG GTT GCG TGT CT‐3′                                           
  OSCAR                                  F: 5′‐CCA GCT CTA GCG GGT ATC TG‐3′    128
  R: 5′‐CCA TGG CTT AGG GTG GTA TG‐3′                                           
  RANKL                                  F: 5′‐CAG AGA AAG CGA TGG TGG AT‐3′    117
  R: 5′‐TAT GGG AAC CAG ATG GGA TG‐3′                                           
  β‐actin                                F: 5′‐TGG ACA TCC GCA AAG ACC TGT‐3′   160
  R: 5′‐CAC ACG GAG TAC TTG CGC TCA‐3′                                          

Bp, base pairs; TRAP, tartrate‐resistant acid phosphate; OSCAR, osteoclast‐associated receptor.
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The SYBR Green (Invitrogen) was used as a double‐strand DNA‐specific dye. The amplification of TRAP utilized 40 cycles at 95°C for 30 seconds and 95°C for 5 seconds with the extension at 57.2°C for 30 seconds. The amplification of OSCAR utilized 45 cycles at 95°C for 30 seconds and 95°C for 5 seconds with the extension at 63.5°C for 30 seconds. The amplification of RANKL utilized 45 cycles at 95°C for 30 seconds and 95°C for 5 seconds with the extension at 57.5°C for 30 seconds. β‐actin was employed as the housekeeping gene to standardize the targeted mRNA expression. The levels of TRAP, OSCAR, RANKL were calculated using the 2^−∆∆Ct^ method \[(Ct, target gene Ct, β‐actin)~sample~ − (Ct, target gene Ct, β‐actin)~control~\] after normalizing the data according to the β‐actin mRNA expression.

2.6. Enzyme‐linked immunosorbent assay (ELISA) {#jcmm13554-sec-0008}
----------------------------------------------

OCs culture supernatants from the MM patients and HCs were harvested and stored at −80°C until time of analysis. The cytokine levels of IFN‐γ, TNF, IL‐4 or IL‐13 were measured by ELISA kit (R&D Systems) according to the directions of the manufacturer.

2.7. Electro chemiluminescence immunoassay (ECLIA) {#jcmm13554-sec-0009}
--------------------------------------------------

Bone formation markers, osteocalcin (OCN) and procollagen I amino‐terminal propeptide (PINP), and bone resorption marker carboxy‐terminal cross‐linking telopeptide of type I collagen (CTX) were measured by ECLIA kit (Roche Diagnostics, Germany) performed with Elecsys Immunoassay Analyser 2010 according to the instructions of the manufacturer. We collected data from clinical laboratory of Tianjin Medical University General Hospital.

2.8. Statistical analyses {#jcmm13554-sec-0010}
-------------------------

Student\'s *t* test was conducted for two‐group comparisons. For many‐group comparisons, one‐way ANOVA analysis or Kruskal‐Wallis test was used. Correlation between the different percentages of iNKT cells and all variables was determined by Spearman\'s correlation coefficient. The data are expressed as the mean ± SEM or median. Statistical analyses were performed using SPSS version 21.0 software. *P* values of \<.05 were considered significant.

3. RESULTS {#jcmm13554-sec-0011}
==========

3.1. The quantity of iNKT cells reduced and was negatively related with bone disease in NDMM patients {#jcmm13554-sec-0012}
-----------------------------------------------------------------------------------------------------

We analysed the percentages of iNKT cells in the T cell pool from peripheral blood of 37 NDMM patients, 21 remission MM patients, 8 relapsed/refractory MM patients and 23 age‐ and sex‐matched healthy controls by flow cytometry (Figure [1](#jcmm13554-fig-0001){ref-type="fig"}A). The percentage of Vα24^+^Vβ11^+^ T (iNKT) cells was significantly lower in patients with NDMM and RMM than that in HCs (median 0.05% and 0.04% vs 0.09%, *P *\<* *.001 and *P *\<* *.001, respectively). The percentage of iNKT cells in MM patients achieved remission rised again compared with untreated NDMM patients (median 0.11% vs 0.05%, *P *\<* *.001; Figure [1](#jcmm13554-fig-0001){ref-type="fig"}B). According to the expression of CD4 and CD8, iNKT cells were subdivided into CD4^+^CD8^−^, CD4^−^CD8^+^ and CD4^−^CD8^−^ (double‐negative, DN) cell subsets (Table [3](#jcmm13554-tbl-0003){ref-type="table-wrap"}). About the percentages of CD4^−^CD8^+^ and DN iNKT cells of T cells, NDMM and RMM patients had significantly lower than HCs (for CD4^−^CD8^+^ iNKT cells, *P *\<* *.001 and *P *=* *.008, for DN iNKT cells, *P *=* *.01 and *P *=* *.006, respectively), while MM patients achieved remission had significantly higher than untreated NDMM patients (*P *=* *.001 and *P *=* *.001, respectively; Figure [1](#jcmm13554-fig-0001){ref-type="fig"}C).

![The level of iNKT cells frequency is reduced and significantly related with bone disease in newly diagnosed multiple myeloma (NDMM) patients. A, The percentages of Vα24^+^Vβ11^+^ T (iNKT) and CD4^+^, CD8^+^ and CD4^−^ CD8^−^ iNKT cell in T cells were examined by flow cytometry. B, The percentage of iNKT cells was significantly lower in patients with NDMM and relapsed/refractory MM (RMM) than that in healthy controls (HCs). The percentage of iNKT cells in MM patients achieved remission rised again compared with untreated NDMM patients. C, About the percentages of CD4^−^ CD8^+^ and CD4^−^ CD8^−^ (double‐negative, DN) iNKT cells of T cells, NDMM and RMM patients had significantly lower than HCs, while MM patients achieved remission had significantly higher than untreated NDMM patients. D, The percentage of iNKT cells was significantly lower in the patients with Stage C bone disease than those with Stage A/B bone disease and HCs. E, The percentage of iNKT cells was significantly correlated with the level of carboxy‐terminal cross‐linking telopeptide of type I collagen (CTX) respectively by Spearman\'s correlation coefficient. F, The percentages of iNKT cells were significantly correlated with the percentages of osteoclast precursors (OCPs) respectively by Spearman\'s correlation coefficient. G, The percentage of CD4^−^ CD8^+^ iNKT cells was significantly lower in the patients with Stage C bone disease than those with Stage A/B bone disease and HCs. (Medians of each group were compared using Kruskal‐Wallis test followed by all pairwise multiple comparisons; \**P *\<* *.05, \*\**P *\<* *.01, \*\*\**P *\<* *.001)](JCMM-22-2706-g001){#jcmm13554-fig-0001}

###### 

The percentage of iNKT cells subsets in the T cell pool of NDMM patients, remission MM patients, RMM patients and HCs

  Groups         Number   CD4^+^CD8^−^ iNKT (%)    CD4^−^CD8^−^ iNKT (%)    CD4^−^CD8^+^ iNKT (%)
  -------------- -------- ------------------------ ------------------------ ------------------------
  HCs            23       0.0119 (0.0042‐0.0839)   0.0514 (0.0203‐0.5459)   0.0160 (0.0053‐0.0840)
  NDMM           37       0.0127 (0.0026‐0.0962)   0.0276 (0.0042‐0.3464)   0.0066 (0.0008‐0.0306)
  Remission MM   21       0.0153 (0.0056‐0.0621)   0.0523 (0.0185‐0.3462)   0.0149 (0.0016‐0.1222)
  RMM            8        0.0139 (0.0032‐0.0282)   0.0181 (0.0043‐0.0334)   0.0063 (0.0006‐0.0114)

HCs, healthy controls; NDMM, newly diagnosed multiple myeloma patients; RMM, relapsed/refractory multiple myeloma patients.
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Among 37 NDMM patients, the percentage of iNKT cells was significantly lower in the patients with Stage C bone disease than those with Stage A/B bone disease and HCs (median 0.04% vs 0.07% and 0.09%, *P *=* *.042 and *P *\<* *.001, respectively; Figure [1](#jcmm13554-fig-0001){ref-type="fig"}D). We analysed the serum level of biochemical markers of bone formation, such as OCN and PINP, bone destruction, such as CTX. The results suggested that the percentage of iNKT cells was strongly interrelated with the serum level of CTX (*r *=* *−.446, *P *=* *.006; Figure [1](#jcmm13554-fig-0001){ref-type="fig"}E). We have confirmed that OBPs and OCPs are sensitive for early diagnosing and monitoring bone disease of MM patients previously.[26](#jcmm13554-bib-0026){ref-type="ref"} The results indicated that the percentage of iNKT cells was significantly correlated with the population of OCPs (*r *=* *−.413, *P *=* *.011; Figure [1](#jcmm13554-fig-0001){ref-type="fig"}F). However, there were no significant differences between the level of iNKT cells percentage and the level of osteoblast precursors (OBPs), bone formation markers (OCN and PINP). According to the percentages of CD4^+^CD8^−^, CD4^−^CD8^+^ and DN iNKT cell subsets of T cells in the MM patients with Stage A/B or C bone disease (Table [4](#jcmm13554-tbl-0004){ref-type="table-wrap"}), the percentage of CD4^−^CD8^+^ iNKT cells was significantly lower in the patients with Stage C bone disease than those with Stage A/B bone disease and HCs (*P *=* *.029 and *P *\<* *.001, respectively; Figure [1](#jcmm13554-fig-0001){ref-type="fig"}G). These results suggested that the quantity of iNKT cells which may be mainly CD4^−^CD8^+^ iNKT cells related to the state of bone destruction, especially osteoclastogenesis.

###### 

The percentage of iNKT cells subsets in the T cell pool of newly diagnosed MM patients with Stage A/B or Stage C bone disease and healthy controls

  Groups      Number   CD4^+^CD8^−^ iNKT (%)    CD4^−^CD8^−^ iNKT (%)    CD4^−^CD8^+^ iNKT (%)
  ----------- -------- ------------------------ ------------------------ ------------------------
  Stage A/B   20       0.0197 (0.0052‐0.0725)   0.0411 (0.0088‐0.1121)   0.0071 (0.0012‐0.0306)
  Stage C     17       0.0116 (0.0026‐0.0514)   0.0231 (0.0042‐0.0615)   0.0030 (0.0008‐0.0125)
  HCs         23       0.0119 (0.0042‐0.0839)   0.0514 (0.0203‐0.5459)   0.0160 (0.0053‐0.0840)

HCs, healthy controls; MM, multiple myeloma.
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3.2. The level of IFN‐γ produced by iNKT cells was impaired and significantly associated with bone disease in NDMM patients {#jcmm13554-sec-0013}
---------------------------------------------------------------------------------------------------------------------------

We examined the expression of Th1 cytokines (IFN‐γ, TNF) and Th2 cytokines (IL‐4, IL‐13) by iNKT cells by flow cytometry after stimulation with α‐GalCer (Figure [2](#jcmm13554-fig-0002){ref-type="fig"}A and B). The levels of IFN‐γ and TNF in iNKT cells were significantly lower in NDMM and RMM patients than in HCs (median 49.43% and 48.13% vs 67.39%, *P *=* *.002 and *P *=* *.011, respectively; median 20.00% and 21.59% vs 67.39%, *P *\<* *.001 and *P *\<* *.001, respectively; Figure [2](#jcmm13554-fig-0002){ref-type="fig"}C, D). In addition, NDMM and RMM patients had significantly higher percentages of IL‐4^+^ and IL‐13^+^ iNKT cells than HCs (median 7.89% and 11.68% vs 3.77%, *P *=* *.001 and *P *=* *.004, respectively; median 14.14% and 21.61% vs 4.24%, *P *\<* *.001 and *P *=* *.001, respectively; Figure [2](#jcmm13554-fig-0002){ref-type="fig"}E, F).

![The level of IFN‐γ produced by iNKT cells was impaired and significantly associated with bone disease in newly diagnosed multiple myeloma (NDMM) patients. A,B, The expression of Th1 cytokines (IFN‐γ, TNF) and Th2 cytokines (IL‐4, IL‐13) by iNKT cells in healthy controls (HCs) and NDMM patients were examined by flow cytometry after stimulation with α‐GalCer. The percentages of IFN‐γ^+^ (C), TNF ^+^ (D) iNKT cells were significantly lower in NDMM and relapsed/refractory MM (RMM) patients than in HCs. The percentages of IL‐4^+^ (E) and IL‐13^+^ (F) iNKT cells were significantly higher in NDMM and RMM patients than in HCs. G, The percentages of IFN‐γ^+^ iNKT cells were strongly lower in NDMM patients with Stage C bone disease than with Stage A/B bone disease. H, The percentages of IFN‐γ^+^ iNKT cells was significantly correlated with the level of carboxy‐terminal cross‐linking telopeptide of type I collagen (CTX) respectively by Spearman\'s correlation coefficient. I, The percentages of IFN‐γ^+^ iNKT cells were significantly correlated with the percentages of osteoclast precursors (OCPs) respectively by Spearman\'s correlation coefficient. (Medians of each group were compared using Kruskal‐Wallis test followed by all pairwise multiple comparisons; \**P *\<* *.05; \*\**P *\<* *.01; \*\*\**P *\<* *.001)](JCMM-22-2706-g002){#jcmm13554-fig-0002}

Among 37 NDMM patients, the level of IFN‐γ in iNKT cells was strongly lower in NDMM patients with advanced bone disease (Stage C) than with bone disease (Stage A/B; median 36.36% vs 62.38%, *P *=* *.030; Figure [2](#jcmm13554-fig-0002){ref-type="fig"}G), which were negatively correlated with the serum level of CTX (*r *=* *−.499, *P *=* *.002; Figure [2](#jcmm13554-fig-0002){ref-type="fig"}H) and the population of OCPs (*r *=* *−.537, *P *=* *.001; Figure [2](#jcmm13554-fig-0002){ref-type="fig"}I). However, there were no significant differences between the levels of TNF^+^, IL‐4^+^, IL‐13^+^ and OBPs, OCN and PINP. These results indicated that the level of IFN‐γ produced by iNKT cells was related with osteoclastogenesis in MM.

3.3. Deficiency in proliferative responses of iNKT cells on α‐GalCer and impaired regulation of osteoclastogenesis by iNKT cells in NDMM patients {#jcmm13554-sec-0014}
-------------------------------------------------------------------------------------------------------------------------------------------------

We examined the proliferative responses of iNKT cells on α‐GalCer in 12 NDMM patients and 12 HCs at day 0, day 7 and day 14 by flow cytometry (Figure [3](#jcmm13554-fig-0003){ref-type="fig"}A). For the percentages of iNKT cells in the T cells, HCs were markedly higher than in NDMM patients after stimulated by α‐GalCer at day 7 (mean ± SEM 2.359 ± 0.267% vs 0.451 ± 0.046%, *P *\<* *.001) and at day 14 (mean ± SEM 4.584 ± 0.362% vs 1.490 ± 0.188%, *P *\<* *.001; Figure [3](#jcmm13554-fig-0003){ref-type="fig"}B). These results indicated that the proliferative effects of iNKT cells on α‐GalCer were impaired in NDMM patients.

![Deficiency in proliferative responses of iNKT cells on α‐GalCer and impaired in regulation of osteoclastogenesis by iNKT cells in newly diagnosed multiple myeloma (NDMM) patients. A, The proliferative responses of iNKT cells stimulated by α‐GalCer in NDMM patients and healthy controls (HCs) at day 0, day 7 and day 14 were examined by flow cytometry. B, The percentages of iNKT cells in HCs were markedly higher than in NDMM patients after stimulated by α‐GalCer at days 7 and 14. C, Peripheral blood mononuclear cells (PBMCs) from 12 NDMM patients and 12 HCs were cultured with RANKL and macrophage colony‐stimulating factor (M‐CSF) in the presence of α‐GalCer or 0.1% DMSO (as control) and then stained for tartrate‐resistant acid phosphate (TRAP) as described in Section [2](#jcmm13554-sec-0002){ref-type="sec"}. Representative TRAP ^+^ multinucleated cells (MNC) from a NDMM patient and a HC. Original magnification × 100 (Bar = 100 μm). D(a), About the number of TRAP ^+^ MNCs, there were no significant differences between α‐GalCer‐stimulated cultures and DMSO control cultures in NDMM patients. (b) In HCs, the number of TRAP ^+^ MNCs was significantly decreased in α‐GalCer‐stimulated cultures compared with DMSO control cultures. (Mean ± SEM of each group were compared using Student\'s *t* test; \**P *\<* *.05, \*\**P *\<* *.01, \*\*\**P *\<* *.001)](JCMM-22-2706-g003){#jcmm13554-fig-0003}

To explore whether iNKT cells regulate osteoclast formation, PBMCs from 12 NDMM patients and 12 HCs were cultured with RANKL and M‐CSF in the presence of α‐GalCer or 0.1% DMSO (as control) and then stained for TRAP (Figure [3](#jcmm13554-fig-0003){ref-type="fig"}C). In HCs, the number of TRAP^+^ multinucleated cells (MNC) was significantly decreased in α‐GalCer‐stimulated cultures compared with DMSO control cultures (mean ± SEM 512 ± 32 cells per 2 cm^2^ vs 758 ± 55 cells per 2 cm^2^; *P *=* *.001; Figure [3](#jcmm13554-fig-0003){ref-type="fig"}D(b)). However, there were no significant differences between α‐GalCer‐stimulated cultures and DMSO control cultures in NDMM patients (mean ± SEM 750 ± 41 cells per 2 cm^2^ vs 816 ± 48 cells per 2 cm^2^; *P *=* *.310; Figure [3](#jcmm13554-fig-0003){ref-type="fig"}D(a)). The results suggested that the regulation of osteoclastogenesis by iNKT cells in vitro was impaired in NDMM patients.

3.4. Inhibition of osteoclastogenesis by iNKT cells via IFN‐γ production {#jcmm13554-sec-0015}
------------------------------------------------------------------------

To examine whether inhibition of osteoclastogenesis is regulated by cytokines produced by iNKT cells, we measured the level of IFN‐γ, TNF, IL‐4 or IL‐13 in OCs culture supernatants from the 12 NDMM patients and 12 HCs by ELISA kit at day 0, day 3, day 7 and day 14. In HCs, the level of IFN‐γ at day 7 and day 14 markedly increased in α‐GalCer‐stimulated cultures compared with DMSO control cultures. The differences at day 7 were significant (mean ± SEM 183.73 ± 17.76 vs 131.97 ± 12.83; *P *=* *.031), but at day 14 were no significant (mean ± SEM 279.07 ± 16.44 vs 245.34 ± 19.83, *P *=* *.209; Figure [4](#jcmm13554-fig-0004){ref-type="fig"}A). However, no significant differences were found between α‐GalCer‐stimulated cultures and DMSO control cultures about the levels of TNF and IL‐13 at day 0, day 3, day 7 and day 14. In addition, for NDMM patients, the levels of IFN‐γ, TNF and IL‐13 have no differences between α‐GalCer‐stimulated cultures and DMSO control cultures (Figure [4](#jcmm13554-fig-0004){ref-type="fig"}A‐C). The level of IL‐4 in OCs culture supernatants was not detected in both HCs and in NDMM patients. The results suggest that inhibition of osteoclastogenesis may be mediated by IFN‐γ production of iNKT cells.

![Inhibition of osteoclastogenesis by iNKT cells via IFN‐γ production. A, In healthy controls (HCs), the level of IFN‐γ in osteoclasts (OCs) culture supernatants at day 7 and day 14 markedly increased in α‐GalCer‐stimulated cultures compared with DMSO control cultures. The differences at day 7 were significant, but at day 14 were no significant. About the level of TNF (B) and IL‐13 (C) in OCs culture supernatants, no significant differences were found between α‐GalCer‐stimulated cultures and DMSO control cultures at day 0, day 3, day 7 and day 14 in NDMM patients and HCs. Mean ± SEM between the experimental samples were compared using Student\'s *t* test. D, Representative tartrate‐resistant acid phosphate (TRAP)‐positive multinucleated cells (MNC) from a NDMM patient in the presence or absence of recombinant IFN‐γ or α‐GalCer and a HC in the presence or absence of anti‐IFN‐γ or α‐GalCer. Original magnification × 100 (Bar = 100 μm). E(a), The number of TRAP ^+^ MNCs was significantly increased in the presence of anti‐IFN‐γ and α‐GalCer cultures compared with the presence of α‐GalCer cultures (b) The number of TRAP ^+^ MNCs was significantly reduced in the presence of IFN‐γ and α‐GalCer cultures compared with the presence of α‐GalCer cultures. Mean ± SEM of each group were compared using one‐way ANOVA analysis. F, The mRNA expression of osteoclast‐associated genes, such as TRAP, osteoclast‐associated receptor (OSCAR) and RANKL was significantly improved in the presence of anti‐IFN‐γ and α‐GalCer cultures compared with the presence of α‐GalCer cultures. Medians of each group were compared using Kruskal‐Wallis test followed by all pairwise multiple comparisons. G**,** The mRNA expression of RANKL was significantly decreased in the presence of IFN‐γ and α‐GalCer cultures compared with the presence of α‐GalCer cultures. Medians of each group were compared using Kruskal‐Wallis test followed by all pairwise multiple comparisons (\**P *\<* *.05, \*\**P *\<* *.01, \*\*\**P *\<* *.001)](JCMM-22-2706-g004){#jcmm13554-fig-0004}

To confirm IFN‐γ produced by iNKT cells inhibit osteoclastogenesis, PBMCs from 12 HCs were cultured with RANKL and M‐CSF for 14 days with or without anti‐IFN‐γ or α‐GalCer and then stained for TRAP (Figure [4](#jcmm13554-fig-0004){ref-type="fig"}D). The number of TRAP^+^ MNCs was significantly increased in the presence of anti‐IFN‐γ and α‐GalCer cultures compared with the presence of α‐GalCer cultures (mean ± SEM 719 ± 45 cells per 2 cm^2^ vs 542 ± 31 cells per 2 cm^2^; *P *=* *.009; Figure [4](#jcmm13554-fig-0004){ref-type="fig"}E(a)). In addition, the mRNA expression of osteoclast‐associated genes, such as TRAP, osteoclast‐associated receptor (OSCAR) and RANKL was significantly improved in the presence of anti‐IFN‐γ and α‐GalCer cultures compared with the presence of α‐GalCer cultures (Figure [4](#jcmm13554-fig-0004){ref-type="fig"}F).

Meanwhile, PBMCs from 20 NDMM patients were cultured as the same as HCs (Figure [4](#jcmm13554-fig-0004){ref-type="fig"}D). The number of TRAP^+^ MNCs was significantly reduced in the presence of IFN‐γ and α‐GalCer cultures compared with the presence of α‐GalCer cultures (mean ± SEM 529 ± 37 cells per 2 cm^2^ vs 765 ± 36 cells per 2 cm^2^; *P *\<* *.001; Figure [4](#jcmm13554-fig-0004){ref-type="fig"}E(b)). In addition, the mRNA expression of RANKL was significantly decreased in the presence of IFN‐γ and α‐GalCer cultures compared with the presence of α‐GalCer cultures (Figure [4](#jcmm13554-fig-0004){ref-type="fig"}G).

4. DISCUSSION {#jcmm13554-sec-0016}
=============

Multiple myeloma (MM) is a malignancy of malignant plasma cells and occurs bone disease in 80% of patients owing to imbalance between osteoclasts and osteoblasts.[29](#jcmm13554-bib-0029){ref-type="ref"} How to cure the bone disease of MM patients is still a challenge. Recent studies indicated the immune system has an important role in the osteoblast and osteoclast activity.[10](#jcmm13554-bib-0010){ref-type="ref"} iNKT cells are a distinct subset of T cells that exhibit bridges connecting the innate immune system to the adaptive immune system and regulate development and function of monocytes and macrophages.[30](#jcmm13554-bib-0030){ref-type="ref"}, [31](#jcmm13554-bib-0031){ref-type="ref"} Osteoclasts development from monocytes‐macrophages plays a critical role in bone remodelling.[32](#jcmm13554-bib-0032){ref-type="ref"} However, the effect of iNKT on osteoclasts activity of myeloma bone disease remains unknown. Our study first investigated the role of iNKT cells in osteoclastogenesis and the underlying mechanism in MBD.

It was previously reported that iNKT cells are a small population of T lymphocytes derived from the thymus at the double positive selection (CD4^+^CD8^+^) stage of T cell development \[33,34\]. While a significant proportion of iNKT cells remain in the thymus, where they become long‐lived residents, other part of iNKT cells are often migrated to different tissues, like liver, spleen, bone marrow, peripheral blood and lymph nodes \[35,36\]. In healthy humans, the relative frequency of iNKT cells of BM is similar to that of PB \[37\]. The number of iNKT cells in bone marrow of MM patients was rarely reported. But, the group of Dhodapkar have provided evidence that iNKT cells from PB and BM are functionally deficient (secretion IFN‐γ) in MM patients \[20\]. iNKT cells from bone marrow or peripheral blood are homologous and their functions are similar. Furthermore, iNKT cells in peripheral blood are easy to be measured and used to estimate bone disease in MM patients. So, we choosed iNKT cell from peripheral blood for the experiment. By observing the distribution of iNKT cells in different MM patients, we found that the quantity of iNKT cells which primarily was CD4^−^CD8^+^ and DN iNKT cells were defective in NDMM and RMM patients, the production of Th1 cytokines (IFN‐γ and TNF) by iNKT cells also reduced and Th2 cytokines (IL‐4 and IL‐13) by iNKT cells increased in NDMM and RMM patients. Different previously researches provided evidence of iNKT cells being quantitatively and qualitatively defective in MM, subsequently hampering their antitumour effects,[33](#jcmm13554-bib-0033){ref-type="ref"} and they observed that advanced stages of MM were associated with the progressive loss of the ability of iNKT cells to secrete IFN‐γ. A comparative deficit of the CD4^−^ iNKT cell subset that is regarded as the most important for anticancer activities hampers their antitumour effects and leads to defective production of Th1 cytokines.[34](#jcmm13554-bib-0034){ref-type="ref"}, [35](#jcmm13554-bib-0035){ref-type="ref"} In addition, the percentages of iNKT cells (including CD4^−^CD8^+^ iNKT cells) and IFN‐γ^+^ iNKT cells were significantly lower in the patients with Stage C bone disease than those with Stage A/B bone disease and HCs. These results suggested that the quantity of iNKT cells which may be mainly CD4^−^CD8^+^ iNKT cells related to the state of bone destruction. Because the quantity of CD4^−^CD8^+^ iNKT cells is very small, the role of them cannot be observed alone. Therefore, our study focused on total iNKT cells.

It is well known that the serum level of OCN,[36](#jcmm13554-bib-0036){ref-type="ref"} PINP[37](#jcmm13554-bib-0037){ref-type="ref"} and CTX[38](#jcmm13554-bib-0038){ref-type="ref"} and the percentages of OBPs and OCPs are sensitive for early diagnosing and monitoring bone disease of MM patients previously.[25](#jcmm13554-bib-0025){ref-type="ref"}, [26](#jcmm13554-bib-0026){ref-type="ref"} Our results also suggested that the percentages of iNKT cells and IFN‐γ^+^ iNKT cells were strongly interrelated with the serum level of CTX and the population of OCPs. We deduce that the level of iNKT cells frequency and production function of IFN‐γ relate to the state of bone destruction, especially osteoclastogenesis. In addition, some studies concluded that immune cells such as T cells express RANKL, but T cells also resist osteoclastogenesis by producing interferon‐γ (IFN‐γ), which counterbalance the action of RANKL.[4](#jcmm13554-bib-0004){ref-type="ref"}, [7](#jcmm13554-bib-0007){ref-type="ref"}, [8](#jcmm13554-bib-0008){ref-type="ref"} iNKT cells acting as a special T cell may be involved in bone destruction, especially osteoclastogenesis.

To investigate the role of iNKT cells in osteoclastogenesis further, we used co‐culture to confirm that the proliferative responses of iNKT cells on α‐GalCer were disturbed and the regulation of osteoclastogenesis by iNKT cells was impaired in NDMM patients and that this impairment was associated with iNKT cells deficiency. Furthermore, we measuring the level of IFN‐γ, TNF, IL‐4 or IL‐13 in OCs culture supernatants from NDMM patients and HCs by ELISA kit proved that inhibition of osteoclastogenesis may be regulated by IFN‐γ production in iNKT cells. Moreover, we performed with anti‐IFN‐γ blocking antibodies and recombinant IFN‐γ investigated that inhibition of osteoclastogenesis by iNKT cells was regulated by IFN‐γ production, which down‐regulated osteoclast‐associated genes, such as RANKL, OSCAR and TRAP.

Furthermore, the group of Jin et al also conducted negative regulation of osteoclastogenesis by NKT cells is impaired in Rheumatoid Arthritis patients *in intro* and inhibition of osteoclastogenesis by NKT cells was predominantly mediated by IFN‐γ signalling in vivo.[21](#jcmm13554-bib-0021){ref-type="ref"}

But Hu et al used iNKT cell‐deficient and wild‐type mice to demonstrate that selective activation of iNKT cells by α‐GalCer causes myeloid cell egress, enhances OC progenitor and precursor development, modifies the intramedullary kinetics of mature OCs and enhances their resorptive activity. OC progenitor activity is positively regulated by TNF‐α and negatively regulated by IFN‐γ, but is IL‐4 and IL‐17 independent.[22](#jcmm13554-bib-0022){ref-type="ref"} However, our study indicated that the percentage of iNKT cells was significantly correlated with the population of OC progenitors. As a result of the experiment of Hu et al was carried out only in normal mice without disease and our study was lack of mice experiment in vivo, further experiments need to be conducted.

In addition, Spanoudakis et al found that higher levels of RANKL expressed by iNKT cells in peripheral blood and especially BM of MM patients as part of a myeloma‐specific dysfunctional iNKT cell phenotype that could contribute to osteoclast activation and bone destruction as well as tumour immune evasion.[39](#jcmm13554-bib-0039){ref-type="ref"} Owing to the experiment of Spanoudakis et al did not involve mechanism research and the lack of related researches about iNKT in myeloma bone disease, further experiments in vitro or *vivo* need to be performed.

Our study presented here emphasized the potential role of α‐GalCer‐stimulated iNKT cells in regulation of osteoclastogenesis and inhibition of bone destruction. However, this function was impaired in myeloma bone disease patients as a result of iNKT cell dysfunction. Further studies about the ways of repairing iNKT cell deficiency and providing important evidence of promising therapeutic strategy in myeloma bone disease patients need to be conducted.

AUTHORS' CONTRIBUTIONS {#jcmm13554-sec-0018}
======================

Rong Fu designed the research and revised the manuscript. Fengjuan Jiang, Hui Liu and Zhaoyun Liu performed the experiments, analysed the data and wrote the article. Siyang Yan, Jin Chen, Qing Shao, Lijuan Li, Jia Song, Guojin Wang and Zonghong Shao contributed to the experimental work and the collection of patients' features. All authors read and approved the final manuscript.

CONFLICT OF INTEREST {#jcmm13554-sec-0019}
====================

The authors confirm that there are no conflict of interests.

This work was supported by the National Natural Science Foundation of China (Grant nos. 81570106, 814000888, 81600093), the anticancer major special project of Tianjin (Grant nos. 12ZCDZSY18000), the Tianjin Municipal Natural Science Foundation (Grant nos. 14JCYBJC25400, 15JCYBJC24300), Tianjin Health and Family Planning Commision (Grant nos. 15KG150). Fengjuan Jiang received Postgraduate Innovation Fund of "13th Five‐Year comprehensive investment" award from Tianjin Medical University (YJSCX201717).
